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The use of duplex ultrasound scan for intraopera-
tive assessment has steadily gained acceptance by vas-
cular surgeons on the basis of uniformly favorable
reports from surgical groups that have adopted this
technique.1-4 Routine use during carotid, renal, and
visceral artery reconstructive procedures has been
advocated; when duplex testing is performed with a
transducer specifically designed for intraoperative
imaging, the ease and quality of vessel imaging is
markedly improved.5-6 The application of duplex scan-
ning for monitoring lower limb bypass grafting proce-
dures has lagged because of the lack of a suitable intra-
operative transducer and difficulties associated with
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Purpose: The purpose of this study was to evaluate intraoperative duplex scanning of
infrainguinal vein bypass grafts to detect technical and hemodynamic problems, moni-
tor their repair, and correlate findings with the incidence of thrombosis and stenosis
repair rates within 90 days of operation.
Methods: Color duplex scanning was used at operation to assess vein/anastomotic paten-
cy and velocity spectra waveforms of 626 infrainguinal vein bypass grafts (in situ saphe-
nous, 228 grafts; nonreversed translocated saphenous, 170 grafts; reversed saphenous,
147 grafts; alternative [arm, lesser saphenous], 81 grafts) to the popliteal (n = 267
grafts), infrageniculate (n = 323 grafts), or pedal artery (n = 36 grafts). The entire
bypass graft was scanned after intragraft injection of papaverine hydrochloride (30-60
mg) to augment graft flow. Vein/anastomotic/artery segments with velocity spectra that
indicate highly disturbed flow (peak systolic velocity, >180 cm/sec; spectral broadening;
velocity ratio at site, >3) were revised. Grafts with a low peak systolic velocity less than
30 to 40 cm/s and high outflow resistance (absent diastolic flow) underwent procedures
(distal arteriovenous fistula, sequential bypass grafting) to augment flow; if this was not
possible, the grafts were treated with an antithrombotic regimen, including heparin,
dextran, and antiplatelet therapy.
Results: Duplex scanning prompted revision of 104 lesions in 96 (15%) bypass grafts,
including 82 vein/anastomotic stenoses, 17 vein segments with platelet thrombus, and
5 low-flow grafts. Revision rate was highest (P < .01) for alternative vein bypass grafts
(27%) compared with the other grafting methods (reversed vein bypass grafts, 10%; non-
reversed translocated, 13%; in situ, 16%). A normal intraoperative scan on initial imag-
ing (n = 464 scans) or after revision (n = 67 scans) was associated with a 30-day throm-
bosis rate of 0.2% and a revision rate of 0.8% for duplex-detected stenosis (peak systolic
velocity, >300 cm/s; velocity ratio, >3.5). By comparison, 20 of 95 bypass grafts (21%)
with a residual (n = 29 grafts) or unrepaired duplex stenosis (n = 53 grafts) or low flow
(n = 13 grafts) had a corrective procedure for graft thrombosis (n = eight grafts) or
stenosis (n = 12 grafts; P < .001). Overall, 8% of patients with bypass grafts underwent
a corrective procedure within 90 days of operation. Secondary graft patency was 99.4%
at 30 days and 98.8% at 90 days (eight graft failures).
Conclusion: The observed 15% intraoperative revision rate coupled with a low 90-day
failure/revision rate (2.5%) for bypasses with normal papaverine-augmented duplex
scans supports the routine use of this diagnostic modality to enhance the precision and
early results of infrainguinal vein bypass procedures. (J Vasc Surg 2000;31:678-90.)
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testing. Duplex evaluation of an infrainguinal vein
bypass graft for technical or hemodynamic abnormali-
ties is an advanced application. Diagnostic elements
include vessel imaging, velocity spectra analysis, grad-
ing of residual lesions, and assessment of graft hemo-
dynamics and represents a complex diagnostic study.
The length of vessels to be evaluated is substantially
increased compared with carotid or renal artery
repairs; multiple anastomotic sites must be imaged for
technical problems; graft flow patterns must be
assessed, and other sites of intervention (valve lysis,
graft tunneling, endarterectomy, iliac angioplasty)
have to be evaluated. Because graft patency is also
dependent on the achievement of a flow rate above the
thrombotic threshold of the conduit, an important
feature of duplex testing is to verify that graft hemo-
dynamics are adequate, relative to vein conduit quality
and caliber. Adequacy of revascularization should also
be evaluated to ensure that limb perfusion is sufficient
to relieve preoperative ischemic symptoms.
In previous reports,3,7 we detailed the nature
and management of duplex abnormalities encoun-
tered during infrainguinal vein bypass grafting and
concluded that duplex scanning was useful for the
evaluation of technical adequacy. In an initial series
of 275 bypass grafts, duplex testing resulted in a 16%
intraoperative revision rate with the incidence high-
est for bypass procedures in which valve lysis or
when venous conduits other than the greater saphe-
nous vein were used. The 30- and 90-day graft
thrombosis and revision rate was low, 0.4% and 2%
respectively, when intraoperative duplex scanning
assessment was judged normal, either on initial scan-
ning or after revision of a detected lesion. In addi-
tional 15% of bypass grafts, duplex testing detected
vein segments or anastomoses with velocity spectra
of a disturbed flow (peak systolic velocity [PSV] of
125-180 cm/s, systolic spectral broadening), indi-
cating a residual stenosis. These sites were not
explored or repaired because the duplex scan find-
ings indicated a moderate, nonpressure-, or flow-
reducing stenosis. During the next 90 days, 19 of
these grafts (48%) required reintervention to correct
a progressive duplex scan–detected graft stenosis or
graft thrombosis. In this report, we provide further
data on the application of duplex scanning as the
sole intraoperative monitor for technical and hemo-
dynamic adequacy of infrainguinal vein bypass pro-
cedures. In excess of 600 primary or redo lower limb
vein bypass grafts were evaluated by intraoperative
color duplex ultrasound scanning with the use of a
standardized protocol. The criteria for intraoperative
revision have remained unchanged since our initial
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report, but our management algorithm of residual
or unrepaired graft lesions and low-flow bypass
grafts has evolved to include an antithrombotic reg-
imen and predischarge duplex scanning.
MATERIAL AND METHODS
Study population. From October 1991 to
December 1998, 588 patients (452 men, 136 women)
who underwent 626 infrainguinal vein bypass grafting
procedures were identified in the Division of Vascular
Surgery registry as having had an intraoperative duplex
scan. Vascular laboratory, hospital, and outpatient clin-
ic records were reviewed, and data were tabulated for
the type of vein conduit, grafting technique, intraop-
erative duplex findings, management of detected
abnormalities, and graft patency and revision rates dur-
ing the first 90 days after the procedure. The operative
indications for lower limb revascularization were criti-
cal ischemia (tissue loss, rest pain) in 535 limbs (85%),
debilitating claudication in 67 limbs (11%), and
popliteal aneurysm in 23 limbs (4%). In 99 limbs
(16%), a prior prosthetic or vein bypass procedure had
been performed. Excluded from this analysis were 20
lower leg vein bypass grafts that were performed for
vascular trauma with normal intraoperative studies and
seven infrainguinal vein bypass grafts that were per-
formed for acute limb ischemia without intraoperative
duplex studies because of unavailability of the duplex
ultrasound scanner.
The vein grafting technique varied with the sur-
geon’s preference, vein availability, and the sites
selected for the inflow and outflow graft anasto-
moses (Table I). Types of bypass grafts included in
situ saphenous (n = 228 grafts), nonreversed translo-
cated saphenous (n = 170 grafts), reversed saphe-
nous (n = 147 grafts), and alternative basilic, cephal-
ic, lesser saphenous vein (n = 81 grafts). Procedures
were performed by four attending vascular surgeons
who were assisted by a vascular surgery resident or
chief resident in general surgery. Indications for
bypass grafting and the choice of outflow artery
were similar for the four vein grafting methods used
(in situ, reversed and nonreversed, translocated
saphenous vein bypass graft, and alternative vein
bypass graft).
Instrumentation and scanning technique.
After the completion of the bypass graft and satisfac-
tory patency was verified by clinical inspection and
pulse palpation, color duplex ultrasound scanning
was used to image the entire arterial reconstruction
for residual anatomic and hemodynamic abnormali-
ties. Intraoperative duplex scanning was performing
primarily with an ultrasound scanning system (HDI
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3000; Advanced Technology Laboratories, Bothell,
Wash) and a 10-MHz linear array transducer (Entos
CL 10-5; Advanced Technology Laboratories,
Bothell, Wash) that were specifically designed for
intraoperative application. When venous conduits
were tunneled through an anatomic route and could
not be adequately imaged with the l0-MHz trans-
ducer because of graft depth, a 5- or 7-MHz trans-
ducer was used to achieve graft imaging and to
record velocity spectra. A sterile plastic sleeve con-
taining acoustic gel and saline solution was used to
cover the transducer and to provide the necessary
acoustic coupling with exposed vessels, vein graft, or
underlying skin. Imaging of the vein graft, anasto-
moses, and adjacent native arteries was performed in
a longitudinal plane along the vessels, beginning at
the distal graft-anastomotic segment and then pro-
ceeding proximal to include the entire venous con-
duit and the inflow artery-proximal anastomosis-
graft segment (Fig 1). When deemed necessary,
transverse imaging was also performed to evaluate
anastomoses, endarterectomized inflow artery, or
vein segments for lumen defects when velocity spec-
tra of disturbed or turbulent flow was identified. A
vascular laboratory technologist was present during
most of the procedures (>80%) to optimize the
ultrasound scanning system for high-resolution
color Doppler imaging scan and to record center
stream velocity spectra at a Doppler angle-corrected
scan of 60 degrees relative to the vessel wall.
Before duplex imaging of the arterial reconstruc-
tion, papaverine hydrochloride (30-60 mg in 1-2
mL of 0.9 N saline solution for injection) was inject-
ed through a 27-guage needle into a distal vein graft
segment to vasodilate the runoff arterial bed and
augment graft flow. This technique, termed
papaverine-augmented duplex scan, was used to
enhance the sensitivity of duplex scanning for the
detection and grading of residual stenosis and,
equally important, to evaluate the graft flow pattern.
On the basis of spectra waveform in the distal graft
and runoff artery, peripheral vascular resistance
(PVR) was judged to be a low (antegrade flow
throughout the pulse cycle) or high (antegrade flow
during systole only) velocity waveform. A low PVR
flow pattern is normal and is a criteria for successful
bypass grafting. When a high-outflow resistance flow
pattern was encountered, papaverine administration
would be repeated to verify that flow during diastole
was obtained in the distal vein graft segment and
runoff artery (Fig 2).
Color Doppler imaging scan was used to scan the
entire bypass graft for anatomic and flow abnormal-
ities, with the use of a standardized technique that
was previously described.3,7 After open or endovas-
cular in situ saphenous vein grafting, color Doppler
imaging scanning was used to locate patent vein side
branches for ligation. Velocity spectra were recorded
and analyzed in graft segments and anastomotic
regions with a color Doppler flow scan abnormality
(lumen narrowing, increased velocity, aliasing, color-
flow jet) proximal to and at the site of maximum
flow disturbance. Measurements of peak systolic
velocity (PSV) were made and the velocity ratio (Vr)
calculated, where Vr = PSVat lesion/PSVproximal.
Defects were classified into four stenoses categories
with the use of previously developed criteria (Table
II).7 Although a PSV of more than 125 cm/s was
Table I. Indications for revascularization and outflow artery relative to the vein bypass grafting technique
Type of infrainguinal vein bypass graft (n)
Indication In situ saphenous Reversed saphenous Nonreversed saphenous Alternative vein TOTAL (n)
Grafts (%) 228 (36) 147 (23) 170 (27) 81 (14) 626
Secondary bypass grafts (%) 21 (9) 22 (15) 19 (11) 37 (45)* 99 (16)
For revascularization
Claudication (%) 28 (12) 24 (16) 15 (9) — 67 (11)
Critical ischemia (%) 192 (85) 115 (79) 150 (88) 79 (97) 535 (85)
Popliteal aneurysm (%) 8 (3) 8 (5) 5 (3) 2 (3) 23 (4)
Outflow artery
Above-knee popliteal (%) 24 (10) 20 (14) 21 (12) 5 (6) 70 (11)
Below-knee popliteal (%) 86 (38) 38 (26) 61 (36) 12 (15) 197 (31)
Anterior tibial (%) 21 (9) 22 (15) 29 (17) 24 (30) 96 (15)
Posterior tibial (%) 40 (17) 24 (16) 25 (15) 19 (23) 108 (17)
Peroneal (%) 49 (22) 29 (20) 21 (12) 20 (25) 119 (19)
Dorsalis pedis/plantar (%) 8 (4) 14 (10) 13 (8) 1 (1) 36 (6)
*P < .001, compared with other graft types.
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the threshold for assigning a bypass graft abnormal-
ity, systolic velocity spectra in the range of 110 to
140 cm/s may be recorded from small diameter (<3
mm) venous conduits and were not considered
abnormal if Vr was less than 2.9 When duplex scan-
ning demonstrated both an anatomic defect or nar-
rowing in the vessel lumen and velocity spectra of a
severe or high-grade stenosis (PSV, >180 cm/s; and
Fig 1. Procedure for intraoperative duplex scan assessment of infrainguinal vein bypass graft.
A, Papaverine hydrochloride (30-45 mg) is injected into distal vein graft segment with a 27-
gauge needle; B, distal anastomosis and runoff arteries are scanned and the velocity spectra is
recorded; C, the transducer is moved along the graft length from distal to proximal, evaluat-
ing valve sites and checking for residual arteriovenous fistula (in situ vein bypass grafting); D,
the proximal anastomosis and inflow artery are scanned for anatomic and flow abnormalities;
E, representative velocity spectra are recorded at a Doppler scan–corrected angle of 60 degrees
from the normal vein segments at high-thigh, above- and below-knee, and distal graft; F, based
on the duplex scan, findings are classified in one of four groups, and appropriate action is
taken. BP, Blood pressure.
Fig 2. Effect of papaverine hydrochloride (30-45 mg) injected into the distal vein bypass graft
on PVR. A, A high PVR flow pattern in the below-knee segment of a femoroanterial tibial in
situ saphenous vein bypass graft (PSV, 68 cm/sec; no diastolic flow). B, After papaverine
vasodilation of runoff arteries, a low PVR flow pattern is recorded from the below-knee graft
segment, indicating augmented flow and the flow pattern typical for successful infrainguinal
bypass grafting.
A B
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Vr, >2.5), immediate revision of the site was per-
formed. Graft segments and anastomotic sites with
moderate flow abnormalities/stenosis were further
evaluated by transverse imaging to measure vessel
diameter and visualize the lumen for anatomic defect
(thrombus formation, stricture, valve) with the use
of B-mode imaging. Segments with borderline
velocity spectra of a moderate residual stenosis were
typically rescanned after additional intragraft admin-
istration of papaverine (30 mg) to assess hemody-
namic changes at the site with graft flow augmenta-
tion. If PSV at the site increased to more than 200
cm/s in a normal diameter vein segment or anasto-
mosis, exploration and revision were performed.
When increased velocities (>180-200 cm/s) were
measured in outflow tibial arteries but the Vr was
less than 2.5, arteriography was performed to con-
firm unobstructed artery patency beyond the distal
anastomosis.
On the basis of duplex-monitored graft hemody-
namics, an algorithm that specified a perioperative
antithrombotic regimen and/or adjunctive proce-
dure to augment graft flow was followed (Table III).
If flow velocity in the smallest caliber normal vein
segment (3-5 mm) was low (<45 cm/s) and did not
increase after papaverine administration, the treat-
ment was based on an assessment of PVR. If PVR
was low (antegrade flow throughout the pulsed
cycle in the distal graft), heparin anticoagulation was
continued during the postoperative period. If PVR
was high (no diastolic flow in distal graft), a proce-
dure to increase basal graft flow was performed:
either a sequential bypass graft to another outflow
artery or an arteriovenous fistula was constructed at
the distal anastomosis to augment graft flow. If this
was not possible, heparin anticoagulation was con-
tinued during the perioperative period. Before dis-
charge, duplex scan assessment of graft hemody-
namics was repeated; if a low-flow bypass graft (PSV,
<45 cm/s) was detected, oral anticoagulation with
warfarin (Coumadin; international normalized ratio,
1.8-2.5) and aspirin (325 mg/d) was prescribed.
Postoperative vascular laboratory testing.
Infrainguinal vein bypass graft abnormalities were
identified by a postoperative surveillance pro-
gram that included clinical evaluation, Doppler
scan–derived limb pressure measurements, and color
duplex scanning.7-10 In general, graft surveillance was
performed before discharge, at 4 to 5 weeks after the
operation, and at 3- or 6-month intervals thereafter
based on vein bypass graft type and the presence or
absence of a prior duplex-detected bypass graft abnor-
mality. At each postoperative surveillance appoint-
ment, the entire vein bypass graft (including anasto-
moses and adjacent native artery) was imaged similar
to the intraoperative study. Measurements of PSV
Table II. Categories of duplex scan–identified residual lesions
Stenosis category PSV (cm/sec) Vr Interpretation and intraoperative management
Normal/minimal <125 1-2 Normal flow pattern; no further evaluation required
Moderate 125-180 2-3 Residual flow abnormality; rescan after 5 min with papaverine 
flow augmentation; consider arteriographic imaging
Severe >180, with spectral 2.5-5.0 Significant abnormality, repair defect; if not repaired, perform 
broadening arteriography to verify normal bypass graft segment
High-grade >300 >5 Critical lesion, typically associated with a pulse pressure deficit and 
low graft flow; assess for platelet thrombus
Table III. Management and perioperative anticoagulation therapy (antithrombotic regimen) used after
infrainguinal vein bypass, based on intraoperative duplex scan–monitored graft hemodynamics
Category Graft flow velocity (cm/s)* PVR Interpretation and perioperative management
Normal >45 Low Normal graft flow; treat with dextran-40 (25 mL/hr, 500 mL) 
and aspirin (325 mg/d)
Low flow, ↓ PVR <45 Low Heparin anticoagulation (weight-based) or low molecular-weight 
heparin (1 mg/kg, subcataneous twice daily), dextran, and aspirin.
Low flow, ↑ PVR <45 High Consider an adjunctive procedure to increase graft flow (distal 
arteriovenous fistula, jump/sequential graft to another out-
flow artery); if not possible treat as low-flow graft
Low-flow graft stenosis >200, at site of stenosis Low Repair graft stenosis; antithrombotic regimen of heparin anticoagu-
lation, dextran, and aspirin (325 mg/d).
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from normal vein segments in the proximal, high-
thigh, midgraft or above-knee, and distal graft or
below-knee segments were recorded and compared
with prior levels. If the color Doppler imaging scan
identified a stenosis, measurements of PSV at the
stenosis and PSV Vr (where Vr = PSV at lesion/PSV
proximal) were recorded. Graft stenoses with a PSV of
more than 300 cm/s and a Vr of more than 3.5 were
selected for repair.8,10 Lesions that were identified by
serial duplex scans to progress in stenosis severity or
that were associated with the development of low
graft flow velocity (<45 cm/s) were also recommend-
ed for repair. Angiography was performed before
intervention on a selective basis.10
Data analysis. Adverse patient outcomes
(including death, graft thrombosis, and graft revi-
sion) were recorded for 3 months after bypass graft-
ing and analyzed relative to intraoperative duplex
findings (normal scan, corrected duplex-identified
defect, residual stenosis, low flow graft without
stenosis). Life-table primary patency was calculated
relative to intraoperative duplex findings and bypass
grafting technique. No patient was lost to follow-up
during this time period. Differences between groups
were compared by χ2 analysis and log-rank test, with
a P value of less than .05 considered significant.
RESULTS
Intraoperative duplex scanning was judged abnor-
mal in 96 of the 626 bypass grafts (15%) and led to
exploration and revision of 99 graft segments for
stenosis and five adjunctive procedures to increase
graft flow rate. Stenosis of the venous conduit was the
prevalent graft abnormality identified and corrected
(Fig 3; Tables IV and V). Many of duplex-identified
vein conduit problems (31/49 problems; 63%) were
the result of incomplete valve lysis associated with in
situ or nonreversed translocated saphenous vein graft-
ing techniques. All but one of the stenoses that were
explored on the basis of duplex findings were found
to have an anatomic abnormality accounting for the
focal disturbed velocity spectra. In all instances after
graft revision, the velocity spectra in the revised vein
segment or anastomosis improved and became nor-
mal in 71% of sites (Fig 4). Seventeen sites of platelet
thrombus accumulation were identified in 15 grafts,
and all were associated with velocity spectra of a high-
grade stenosis (PSV, >300 cm/s) and a lumen defect
Fig 3. Abnormal velocity spectra (PSV, 275 cm/sec; Vr, 4) associated with stenosis at a saphe-
nous vein valve site as a result of incomplete valve lysis.
Table IV. The site of 99 corrected and 53 unre-
paired graft stenoses that were identified with the
use of intraoperative duplex scanning
Repaired defect (n)
Platelet Unrepaired
Site of graft defect Stenosis thrombus stenosis (n)
Inflow artery 7 1 2
Proximal anastomotic region 6 0 6
Venous conduit 49 10 27
Distal anastomotic region 20 6 18
TOTAL 82 17 53
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on B-mode imaging. After corrective repair, 29 repair
sites (29%) demonstrated velocity spectra of a moder-
ate stenosis. In three instances, duplex scanning after
repair demonstrated a persistent severe stenosis, and a
second repair was undertaken. In five bypass grafts to
the tibial artery, duplex scanning detected no stenosis
but a PSV of less than 30 cm/s and minimal diastolic
flow, indicating low flow and high outflow resistance.
No increase in graft flow with a second or third
papaverine injection was observed. Because of suitable
anatomy, a procedure to increase graft flow was per-
formed and included either a side-to-side arteriove-
nous fistula proximal to the distal anastomosis (n = 3
procedures) or a sequential/jump graft to a second
tibial artery (n = 2 procedures). In all five instances,
PSV increased the distal vein segment to more than
45 cm/s, and antegrade flow during diastole devel-
oped. The incidence of graft revision based on duplex
testing was similar for bypass grafts (P = .56) to the
popliteal (40/267 grafts; 15%), infrageniculate
(50/323 grafts; 15%), or pedal (6/36 grafts; 17%)
arteries. The frequency of graft revision was similar in
women (23%) and men (14%). Intraoperative graft
revision rates relative to the surgeon ranged from 9%
to 16%.
An additional 53 bypass grafts (8%) were found
by duplex scan velocity criteria to have a moderate
stenosis (PSV, <180; Vr, between 2.5 and 3), judged
not to be significant, and were not repaired. The
most common sites of unrepaired duplex-detected
abnormalities were the venous conduit (n = 27 sites)
and distal anastomotic region (n = l8 sites).
Incidence relative to grafting type was in situ saphe-
nous (17/228 grafts; 8%); reversed saphenous
(12/147 grafts; 8%); nonreversed translocated
saphenous (10/170 grafts; 6%); and alternative vein
(14/81 grafts; 17%). After operation, 20 of these
grafts (38%) were revised for thrombosis (n = five
grafts) or a progressive stenosis (n = 15 grafts)
demonstrated on duplex surveillance; seven revisions
were performed within 30 days, and 13 revisions
were performed between 31 and 90 days.
Alternative vein bypass grafting was associated
with a significantly (P < .01) higher incidence of
intraoperative graft revision (27%) compared with
the other saphenous vein grafting techniques (in situ
bypass grafts, 16%; nonreversed translocated vein
bypass grafts, 13%; reversed saphenous vein bypass
grafts, 10%). Intraoperative revision rates between in
situ and reversed saphenous vein bypass grafts was
not significant (P = .07). The frequency of unre-
paired graft defects was also increased (P < .05) in
alternative vein grafts (Fig 5). On initial duplex scan
imaging, a normal scan was demonstrated in 76% of
in situ bypass grafts, 82% of reversed vein bypass
grafts, 80% of nonreversed translocated vein bypass
Fig 4. Abnormal velocity spectra recorded from the distal anastomotic region of a femoroper-
oneal in situ saphenous vein arterial bypass grafting, indicating a severe residual stenosis (PSV,
220 cm/sec; spectral broadening). After the revision, the recorded velocity spectra indicated a
normal flow pattern with a PSV of 100 cm/sec and low outflow resistance in peroneal artery.
Table V. The incidence of graft revision, relative
to the outflow artery and bypass grafting technique
Total (n) Revised (n; %)
Outflow artery
Above-knee popliteal 70 9 (13)
Below-knee popliteal 197 31 (16)
Anterior tibial 96 19 (20)
Posterior tibial 108 13 (12)
Peroneal 119 18 (15)
Pedal 36 6 (17)
Bypass grafting technique
In situ vein 228 37 (16)
Reversed vein 147 15 (10)
Nonreversed, translocated vein 170 22 (13)
Alternative vein 81 21 (27)
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grafts, but only 56% of alternative vein bypass grafts
(P < .001). After revision, the percentage of normal
scans increased (in situ, 88%; reversed, 90%, nonre-
versed translocated, 87%; alternative vein, 71%).
Tabulation of duplex scan lesions that were
repaired and the corrective repair that was performed
relative to bypass grafting technique are shown in
Table VI. Primary repair of an incompletely incised
valve leaflet was the most common corrective repair
performed after in situ bypass grafting. To correct this
graft abnormality, the valvulotome was reintroduced
through a distal-side branch, and the valve leaflet was
incised. Vein patch angioplasty was the prevalent cor-
rective repair for duplex scan–detected abnormalities
after reversed, nonreversed, and alternative vein bypass
grafts. Lesions that were corrected included incom-
plete valve lysis, fibrotic vein valves, webs, and sites of
focal platelet aggregation. In 20 grafts, interposition
vein (n = 19 grafts) or PTFE (n = 1 graft) grafts were
required because the length of the vein conduit abnor-
mality exceeded 3 to 4 cm in length. Segmental vein
graft replacement was also preferred when extensive
platelet thrombus was detected. In addition to the
excision of the vein segment involved with platelet
aggregate formation, urokinase (250,000 IU) was
instilled proximal (50,000 IU) and distal (200,000
IU) to the site while corrective repair was undertaken.
After exploration of 17 sites for platelet aggregates, the
postrepair duplex scan became normal in 10 cases, led
to a second revision in two cases, and demonstrated a
residual flow abnormality in five sites that were accept-
ed. Two bypass grafts occluded in the immediate (<12
hours) postoperative period because of recurrent
platelet thrombus formation at the repair site. Re-
exploration and vein conduit replacement were ulti-
mately successful in restoring bypass graft patency.
Procedure outcome within 3-months of bypass
grafting correlated with intraoperative duplex scan
findings (Table VII). A normal intraoperative duplex
scan, including normal low outflow resistance flow
pattern and graft flow velocity, was demonstrated in
464 of the bypass grafts (74%) on initial scanning
and in an additional 67 bypass grafts (11%) after cor-
Fig 5. Intraoperative duplex scan findings relative to bypass grafting technique. Intraoperative
revision rate and incidence of unrepaired duplex scan abnormalities increased (P < .001) for
alternative vein bypass grafts. ISVB, In situ saphenous vein bypass graft; RSVB, reversed saphe-
nous vein arterial bypass graft; NRVB, nonreversed translocated saphenous vein bypass graft;
AVB, alternative vein bypass grafting (arm veins [cephalic, basilic] or leg alternative veins [less-
er saphenous, spliced greater saphenous remnants]).
Fig 6. Life table of primary patency relative to bypass
grafting technique (Appendix B). Alternative vein bypass
graft patency decreased (P < .001, log rank) compared with
other graft types. RSV, reversed saphenous vein arterial
bypass graft; NRV, nonreversed translocated saphenous
vein bypass graft; AVB, alternative vein bypass grafting
(arm veins [cephalic, basilic] or leg alternative veins [lesser
saphenous, spliced greater saphenous remnants]).
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rective repair of a duplex scan–detected stenosis or
low flow state. Normal duplex testing was associated
with a 30-day thrombosis/revision rate of 0.6%
(three bypass grafts). All three early graft occlusions
were restored to patency by graft thrombectomy and
revision. An additional seven grafts occluded or
required revision of a duplex scan–detected stenosis
between 30 and 90 days, resulting in an overall 90-
day graft thrombosis/revision rate of 2.5%. Revision
of thrombosed grafts during this time period was
also successful, with patency restored by either
catheter-directed thrombolysis (n = two grafts) or
graft thrombectomy and revision. By comparison,
45% of bypass grafts with a residual stenosis after
corrective repair and 38% of bypass grafts with an
unrepaired moderate stenosis occluded (n = 9 grafts)
or underwent revision on the basis of postoperative
duplex scan surveillance (n = 32 grafts). Five grafts
failed in this group despite revision. The 90-day
graft occlusion/revision rate of surviving patients
was 7% (41/619 grafts).
An additional 13 grafts without stenosis by
duplex scanning but with low flow based on PSV
measurements in the range of 20 to 34 cm/s were
treated with a antithrombotic regimen that included
systemic heparinzation, low molecular–weight dex-
tran and antiplatelet therapy (aspirin). Six of these
bypass grafts were to an isolated tibial or popliteal
artery or a pedal artery. Five grafts (38%) occluded,
three in the immediate postoperative period.
Nine patients died within 30 days of bypass grafting
(operative mortality rate, 1.7%). The patient survival
rate at 3 months was 98.5%. Actuarial primary graft
patency was 99% at 1 day; 94% at 30 days, and 91% at
90 days (Appendix A). Secondary graft patency was
98.8% at 90 days; seven grafts failed because of throm-
bosis, and one graft failed as a result of infection. Three
patients underwent below-knee amputation within 90
days of bypass grafting; all of the patients had been seen
with critical limb-threatening ischemia. Primary paten-
cy rate was similar for in situ and nonreversed translo-
cated saphenous vein at 90 days, 93.6% and 94.1%,
respectively (Fig 6). The primary patency rate of
reversed saphenous vein bypass grafts was 89% at 90
days and for alternative vein bypass grafts was 82.5% (P
< .01). Of note, only 3 of 528 bypass grafts with a nor-
mal intraoperative scan had a significant graft abnor-
mality identified on the predischarge duplex scan that
led to graft revision. Intact valve leaflets were found in
two grafts, and a compressed graft caused by wound
closure was found in the remaining graft. The number
of graft failures despite revision was similar for the four
Table VI. The incidence, nature, and management of 104 duplex scan–detected defects in 96 infrain-
guinal vein bypass grafts, relative to grafting technique
Duplex scan abnormality (n) Corrective repair (n)
Grafts revised Platelet Primary Vein- Interposition Sequential bypass graft/
Grafting Method (n; % of total) Stenosis thrombus Low flow repair patch graft arteriovenous fistula
In situ saphenous 37 (16) 38 5 0 28 10 5 0
Reversed saphenous 15 (10) 10 4 1 0 9 5 1
Nonreversed, translocated 22 (13) 15 6 3 5 11 5 3
saphenous
Alternative vein 21 (27) 19 2 1 4 12 5 1
TOTAL 96 (15) 82 17 5 37 42 20 5
Table VII. Outcome relative to intraoperative duplex scan findings
No. of grafts revised 90-d  
Intraoperative duplex No. (0-30 d) (30-90 d) graft failure/
interpretation grafts Stenosis Thrombosis Stenosis Thrombosis revision rate
No stenosis (normal flow pattern) 464 3 2 4 2 11 (2.4%)
Revised graft (normal flow pattern) 67 1* 1 2 (3%)
Revised graft (residual stenosis) 29 7 3* 2 1 13 (45%)
Unrepaired stenosis 53 5 2 10 3 20 (38%)
No stenosis (low flow) 13 3 2 5 (38%)
TOTAL 626 15 11 16 9 51 (8%)
*Recurrent platelet aggregation in three grafts.
} 2.5%
40%}
graft types (in situ, 2 [1%]; reversed, 3 [2%]; nonre-
versed translocated, 1 [0.7%]; alternative vein, 2 [3%]).
DISCUSSION
Reported experience indicates the routine use of
diagnostic imaging (arteriography, angioscopy) or
ultrasound scanning methods (continuous-wave
Doppler scan, duplex ultrasound scan) during lower
limb bypass grafting procedures can improve early
graft patency and provides cost-effective care by min-
imizing the number of early revisions.7,10-17 Although
there is no consensus concerning which is the “best”
method for intraoperative assessment of infrainguinal
vein bypass grafts, we have found that duplex scan-
ning has the necessary and desirable diagnostic fea-
tures. Duplex scan testing is practical in time and cost,
has low potential for complication, is easy to interpret
with high sensitivity and negative predictive rates, and
can allow the surgeon to examine the entire arterial
reconstruction. Surgeon preference and experience
typically dictate the method used, but our accumulat-
ed experience using color duplex ultrasound scanning
provides compelling data for its routine use during
lower limb bypass grafting procedures.
The 15% overall graft revision rate after intraoper-
ative assessment is similar to reports of duplex scan
surveillance of renal repairs (23%) and completion
angioscopy (20%-25%) of infrainguinal vein bypass
grafts.5,10 Several recent reports have questioned the
efficacy of routine completion arteriography because
the yield is lower (5%-9%) than with duplex scanning
and, when compared with graft evaluation with the
use of a hand-held continuous wave Doppler scan, no
difference in patency was observed.7,14,15,18 Duplex
scanning, like angioscopy, is able to detect unsuspect-
ed vein disease, a common problem in patients who
undergo lower limb bypass grafts with the highest
incidence in arm veins (11%-38%).12,13 Identifying
vein problems at operation (when coupled with
immediate intervention) upgrades vein conduit quali-
ty and results in improved early graft patency. In this
study, most of the repaired (60%) or unrepaired (51%)
graft defects were located in the vein conduit.
A distinct advantage of duplex scanning over both
angioscopy and arteriography is the capability to iden-
tify technical problems and to assess their significance
with both anatomic and hemodynamic criteria. This
facilitates the interpretation of intraoperative duplex
scan studies. The skills necessary to perform intraop-
erative duplex scan imaging can be acquired in a rea-
sonable period of time and have been learned by our
vascular fellows during their clinical year of training.
With the algorithm outlined in this report, which
involves papaverine-augmented color Doppler image
scanning of the entire bypass graft, residual graft
defects are reliably detected; and when hemodynamic
(velocity spectra) criteria are used in conjunction with
high-resolution B-mode imaging, the interpretation is
less vulnerable to examiner variability. A major prob-
lem with arteriography and angioscopy has been the
subjective nature of intraoperative interpretation
when only imaging criteria are used. We believe the
addition of papaverine flow augmentation increases
the sensitivity of the duplex scan examination for the
detection of stenosis. This diagnostic feature is impor-
tant when the adequacy of vein preparation, valve
lysis, and anastomotic construction is assessed.
Reintervention for a missed graft stenosis was uncom-
mon (2.5%; 15 corrective procedures) within 30 days
of operation. Other groups have documented
improved diagnostic accuracy when duplex scanning
has been used in conjunction with arteriography or
angioscopy.16,18 Initially, we also performed arteriog-
raphy of the distal graft and runoff but now use
duplex scanning as the sole intraoperative diagnostic
method. A policy of selective arteriography is appro-
priate as experience with duplex scanning is acquired.
Duplex ultrasound scanning can also assess bypass
graft hemodynamics and recognize the “low flow”
conduit. Graft flow can be classified on the basis of
measurements of PSV, the velocity spectra waveform
in the distal graft segment, and graft blood flow
response to papaverine-induced peripheral vasodila-
tion. We have used these hemodynamic parameters as
a basis for deciding when to perform adjunctive pro-
cedures to increase graft flow and the type of periop-
erative anticoagulation therapy to be administered.
When duplex scanning identified a residual stenosis
after revision (especially if platelet thrombus was the
problem to be corrected) or low flow in the venous
conduit, systemic heparinization was continued in
the immediate postoperative period. If the predis-
charge duplex scan demonstrated similar findings,
oral Coumadin anticoagulation (international nor-
malized ratio, 1.8-2.5) and antiplatelet therapy
(aspirin, 325 mg/d) was prescribed. Of note, low
flow has demonstrated in only 18 of the bypass grafts
(3%) and prompted a procedure to augment graft
flow in five cases. Suitable anatomy must be present
to construct a distal arteriovenous fistula or to per-
form a sequential bypass graft to another outflow
artery. In three patients with graft PSVs less than 20
to 25 cm/s who experienced graft failure within 7
days, it was not possible to perform either a sequen-
tial bypass graft or a distal arteriovenous fistula.20
Based on our data and recent reports that indicate
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that oral anticoagulation improves the outcome of
infrainguinal vein bypass graft judged to be high risk
for failure, we prescribed oral anticoagulation to
patients with low-flow bypass grafts, many of which
are arm vein bypass grafts and have low (<45 cm/s)
PSV as a result of large vein caliber.21
It is difficult to prove that intraoperative duplex
scanning assessment had an impact on the economics
of lower limb bypass grafting, and this benefit was not
addressed in our review. The 30-day primary patency
rates of 91% to 97% for the four vein graft types was
higher or comparable to a number of recent reports,
including reviews on the efficacy of completion
angioscopy.11,14,16 The observed primary patency data
in this series indicate that fewer reinterventions were
required, which translates into reduced health care
costs. The low reintervention rate (2.5%) for bypass
grafting procedures with normal duplex scans is note-
worthy. Although several technical errors (valve leaflet,
graft entrapment) were missed, the frequency of false-
negative examinations was extremely low; the predis-
charge duplex scan led to only three graft revisions.
Within 30 days, bypass grafts with residual duplex scan
abnormalities had a significantly higher incidence of
both thrombosis (8.0% vs 0.6%) and reintervention for
a duplex scan–detected stenosis (13.0% vs 0.6%), com-
pared with bypass grafts with normal intraoperative
scans. The site of postoperative revision invariably was
identical to the location of the intraoperative duplex
scan residual flow abnormality. Achieving a normal
scan in every patient is not possible, primarily because
of diseased or small caliber veins and diseased runoff
arteries. With revision, a normal duplex scan (no resid-
ual stenosis and a normal graft flow pattern) was
achieved in 531 of the procedures (85%), with a simi-
lar frequency for in situ (88%), reversed (90%), and
nonreversed translocated (87%) saphenous vein bypass
grafts. The initial duplex scan was normal in 56% of
alternative vein bypass grafts, which increased to 71%
after revision of one quarter of the bypass grafts. The
higher number of grafts with residual duplex scanning
abnormalities in the alternative vein group was respon-
sible for the significantly (P < .001) lower 90-day pri-
mary patency rate compared with the other grafting
methods. Of importance, postoperative surveillance
coupled with timely graft revision for a duplex
scan–detected stenosis significantly (P < .01) improved
secondary graft patency to 99% at 90 days. As in pre-
vious reports,6-9 we continue to emphasize the fre-
quent surveillance of duplex scan–abnormal vein
bypass graft. In this series, corrective procedures were
performed in 40% of grafts, with a residual stenosis
within 3 months of the procedure.
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The combination of intraoperative and postopera-
tive duplex scan monitoring of bypass graft function
resulted in a similar failure rate for each graft type (in
situ saphenous, 1%; reversed saphenous, 2%; nonre-
versed saphenous, 1%; alternative vein, 3%). The clini-
cal implication of these findings is that, in a surgical
training environment, we allow our residents to active-
ly participate in vein preparation, including valve lysis
using a number of techniques (blind retrograde, endo-
scopic). We know that, with duplex scan assessment
after bypass graft completion, important graft defects
in either valve lysis or anastomosis construction will be
identified and can be corrected immediately and that
graft patency is not jeopardized. Likewise, the vascular
surgeon in practice can adopt newer bypass graft tech-
niques and be more confident of the outcome. The
most important determinant of outcome after infrain-
guinal bypass grafting procedures has been the pres-
ence of a residual duplex scan abnormality caused by a
diseased vein or artery, a small caliber vein, or an
imperfect technical repair. In many instances, graft
replacement is not possible or is not felt to be appro-
priate. If papaverine-augmented duplex scanning indi-
cates velocity spectra on a moderate stenosis, the inci-
dence of early (<30 days) graft thrombosis was 6%.
Graft revision for a progressive stenosis, based on
velocity spectra criteria, was a more common occur-
rence with an equal frequency of intervention between
1 and 30 days and 31 and 90 days. Reintervention at
the site of residual stenosis was more common if the
defect was in the vein conduit compared with an anas-
tomotic region. Based on this observation, we are after
a more aggressive policy toward residual vein conduit
defects, especially if the vein caliber is less than 3 mm.
When possible the surgeon should consider replace-
ment of abnormal vein segments with velocity spectra
of a moderate stenosis (PSV of 150-180 cm/s; Vr, >2)
with a normal, larger caliber vein.
We prefer the use of color duplex scanning to
monitor infrainguinal vein bypass grafting proce-
dures because of its ability to immediately identify
technical and hemodynamic problems. With the
algorithm described in this report (which relies on
papaverine flow augmentation and color Doppler
imaging scan of the entire bypass graft), a 10% to
27% revision rate can be expected, depending on the
grafting method and the vein conduit used. The low
failure rate of bypass grafts with normal duplex scans
is the rationale for the routine use of this diagnostic
modality to enhance the precision and early results
of lower limb bypass grafting procedures. By achiev-
ing a high immediate patency rate, the surgeon is
then provided with the option to repair or replace
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abnormal graft segments as they are detected with
postoperative duplex scan surveillance.
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Appendix A. Actuarial 90-day primary and secondary patency for 626 infrainguinal vein bypass grafts eval-
uated by intraoperative duplex scanning
Grafts failing (n)
Interval (d) Grafts at risk (n) Stenosis Occlusion No grafts withdrawn* Interval patency Cumulative patency
Primary patency
0-1 626 0 6 0 0.99 1.0
2-30 620 15 5 8 0.968 0.958
31-60 592 4 4 1 0.987 0.945
61-90 583 11 5 0 0.976 0.92
>90 567
Secondary patency
0-1 626 — 0 0 1.0 1.0
1-30 626 — 4 8 0.994 0.994
31-60 614 — 2 1 0.997 0.991
61-90 611 — 2 0 0.997 0.988
>90 609
*Reason for withdrawal of grafts was patient death.
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Appendix B. Actuarial 90-day primary patency of 626 infrainguinal vein bypass grafts relative to grafting
technique
Grafts failing (n)
Interval (d) Grafts at risk (n) Stenosis Occlusion No grafts withdrawn* Interval patency Cumulative patency
In situ saphenous vein bypass graft
0-1 228 0 1 0 0.996 1.0
2-30 227 6 1 3 0.97 0.966
31-60 217 2 0 0 0.99 0.956
61-90 215 4 1 0 0.98 0.936
Reversed saphenous vein bypass graft
0-1 147 0 4 0 0.973 1.00
2-30 143 1 1 3 0.98 0.953
31-60 138 1 1 0 0.993 0.919
61-90 136 3 1 0 0.97 0.891
Nonreversed, translocated saphenous vein bypass graft
0-1 170 0 1 0 0.995 100.0
2-30 169 3 1 2 0.964 0.959
31-60 163 1 0 0 0.994 0.953
61-90 162 1 1 0 0.988 0.941
Alternative vein bypass graft
0-1 81 0 0 0 1.00 1.00
2-30 81 5 2 0 0.908 0.908
31-60 74 1 3 1 0.96 88.7
61-90 69 3 2 0 0.93 82.5
*Reason for withdrawal of grafts was patient death.
